This paper describes the effects of liquid properties on countercurrent flow limitation (CCFL) in a PWR hot leg. CCFL experiments were conducted in a 1/15 th scaled-down model of the hot leg using air/water and air/glycerol-water solutions as working fluids. The experimental results revealed that an increase in the liquid viscosity did not change the zero liquid penetration point but did increase the slope of the CCFL curves on the Wallis diagram, which indicated that the increase in liquid viscosity from that of water did not affect the interfacial drag force but did influence the wall friction force. Numerical simulations of the experiments were carried out using a two-fluid model implemented in the CFD software FLUENT 6.3.26, and it was confirmed that the two-fluid model simulations properly evaluated the effects of liquid viscosity on the CCFL characteristics in the hot leg. Numerical simulations were also carried out to compare a low viscosity liquid to water. The predicted CCFL characteristics for low viscosity liquid showed no significant difference from those for water, which indicated that the decrease in liquid viscosity from that of water affected neither the interfacial force nor the wall friction force.
Introduction
Reflux condensation by a steam generator (SG) is considered to be a possible core cooling method in hypothetical accidents of a pressurized water reactor (PWR), such as a small-break loss-of-coolant accident (SBLOCA) and a loss-of-RHR (residual heat removal systems) event during mid-loop operation, (1) (2) where the system pressures are high and low, respectively. In the reflux condensation, the water condensed in SG U-tubes flows into the reactor core through the hot leg and cools down the reactor core. At that time, the steam generated in the reactor core and water condensed in the SG form a counter-current flow in the hot leg, whose behavior heavily affects the core cooling performance. To improve the reliability of plant safety analyses, the counter-counter flow in the hot leg must be well understood and modeled appropriately. Several experiments have been conducted on the CCFL in a hot leg, (3) - (8) and empirical correlations were proposed using Wallis parameters. (9) Most CCFL experiments, however, have been conducted under atmospheric pressure conditions, and the maximum test pressure was 1.5 MPa, (6) which is much lower than the pressure expected during reflux condensation in the case of an SBLOCA. Therefore, the applicability of these correlations to high pressure PWR conditions is not assured because of many uncertainties in the effects of fluid properties on CCFL.
Regarding the effects of fluid properties, Ohnuki (4) found no noticeable difference in the CCFL characteristics (i.e. the relationship between the liquid and gas flow rates through the hot leg under CCFL conditions) between air and steam based on experiments at atmospheric pressure. The authors previously implemented numerical simulations using a two-fluid model in FLUENT 6.3.26 with an appropriate set of correlations for the gas-liquid interfacial drag coefficients, and carried them out for full-scale PWR plant conditions. (10) The predicted CCFL characteristics were well correlated with Wallis parameters for system pressures below 0.3 MPa, and showed no difference between different fluid property systems. On the other hand, the experiments conducted in the full-scale Upper Plenum Test Facility (UPTF) with steam/saturated water at pressures 0.3 and 1.5 MPa showed an apparent difference in CCFL curves at pressures between 0.3 and 1.5 MPa, (6) though the effects of fluid properties were not clearly mentioned. Thus, it is unclear how differences in fluid properties affect CCFL characteristics in the hot leg. The present study focused mainly on the effects of liquid properties on CCFL characteristics. CCFL experiments were conducted using a 1/15 th scale hot leg model and glycerol-water solutions for the liquid phase. The gas and liquid flow rates and liquid levels in the hot leg were measured under CCFL conditions to understand the effects of liquid properties on the interfacial and wall friction forces. The relationship between the wave heights measured in the hot leg and the interfacial drag coefficients used in two-fluid model simulations was investigated. Numerical simulations for the experiments were carried out using the two-fluid model implemented in FLUENT 6.3.26 to examine the applicability of the interfacial drag coefficients for simulating the effects of liquid properties. Simulations were also carried out to predict CCFL characteristics for low viscosity liquid.
Nomenclature
A: cross-sectional area (m 2 ) Figure 1 shows a schematic of the experimental setup. It consisted of the upper tank corresponding to the inlet plenum of a SG, the hot leg, the lower tank corresponding to the reactor core, the reservoir, the air supply system, and the liquid supply system. Details of the hot leg are shown in Fig. 2 . It consisted of the horizontal section, elbow, and inclined section, and is made of transparent acrylic resin for observation. The size was one-fifteenth that of the actual plant. Hence, the inner diameter D was 50 mm. Air was supplied from the oil-free compressor (SRL-11P6AI, Hitachi Ltd.), and flowed into the lower tank through the regulator (R600-20, CKD) and the flowmeter (FLT-N, Flowcell, Ltd.). Liquid was supplied from the magnetic pump (MD-100R, Iwaki, Ltd.), flowed into the upper tank through another flowmeter, and flowed through the hot leg into the lower tank. When CCFL occurred in the hot leg, some of the liquid, which overflowed into the upper tank, drained into the reservoir. Table 1 summarizes the properties of fluids used. The temperature T, density ρ, viscosity µ and surface tension σ were measured using a digital thermometer (SN3000, NETSUKEN, Ltd.), a densimeter (JIS B7525, Ando Keiki, Ltd.), a rheometer (Physica MCR 301, Anton Paar GmbH) and capillary tubes (glass tube, 1.02 mm i.d.), respectively. Fluid properties were measured at least five times. Uncertainties in measured T, ρ, µ and σ estimated at 95% confidence were 2.0, 0.3, 7.1 and 2.1%, respectively.
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CCFL characteristics
CCFL characteristics were measured at constant flow rates Q Lin of the supplied liquid. The gas flow rate Q G was gradually increased until liquid ceased to flow into the lower tank. CCFL characteristics were also measured by decreasing Q G . The uncertainties in measured Q Lin and Q G estimated at the 95 % confidence level were + 3.0% and + 2.5%, respectively. The flow rate Q L (=Q Lout ) of liquid entering into the lower tank through the hot leg was calculated from the rise speed of water level in the lower tank. The uncertainty in Q L was less than 3.0 %. The volumetric fluxes J Lin , J G , and J L are defined by:
where A is the cross-sectional area of the hot leg. To obtain CCFL characteristics for a wide range of gas and liquid volume fluxes, J Lin and J G were varied from 0.09 to 0.26 m/s and from 0.0 to 7.8 m/s, respectively. In this paper, CCFL characteristics were shown only under CCFL conditions, at which the flow patterns in the horizontal section were wavy flow. Hot leg
Lower tank
（300×100×1000）
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Hot leg Figure 3 shows a parallel-wire probe used to measure water levels in the hot leg. The water level h was calculated from the electrical resistance. The relationship between the electrical resistance and water level was measured before and after the experiments. To amplify the resistance, a Wheatstone bridge with a strain amplifier (DSA-605C, Minedea Co., Ltd.) was connected to the probe. The probe used a platinum wire of 0.1 mm diameter. The gap between the two wires was 2.0 mm. Each experiment was conducted in the same way as the experiments on CCFL characteristics. Measurements were carried out for 30 s with the sampling period of 1 ms. The uncertainty estimated at the 95% confidence level for the measured h L was + 5.0 %. 
Water levels
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Effects of Fluid Properties on CCFL Characteristics
To correlate CCFL characteristics, Wallis (9) suggested the use of dimensionless superficial velocity J k * (modified Froude number) expressed by:
where g is the acceleration of gravity, D is the diameter of the test section, and the subscripts G and L denote the gas and liquid phases, respectively. Figure 4 shows measured CCFL characteristics plotted using Wallis parameters. Though the surface tension of GW 40 wt% is much smaller than that of water, there is little difference in CCFL characteristics between GW 40 wt% and water. Furthermore in spite of the small difference in surface tension between GW 40 wt% and GW 60wt%, the former has much weaker CCFL. This means that the surface tension does not affect CCFL in the hot leg. Therefore the difference in CCFL characteristics in Fig. 5 is mainly attributed to the difference in the liquid viscosity. The liquid viscosity might affect the forces acting on the gas-liquid interface and the wall. When J L is close to 0 m/s, the wall friction must be negligible, and therefore, no effects of liquid viscosity at J L ≈ 0 m/s on CCFL, as shown in Fig. 5 , imply that the interfacial force also does not depend on the liquid viscosity. This must be because waves under CCFL conditions are high enough to generate the interfacial force which mainly consists of the form drag. On the other hand, at high J L , CCFL becomes stronger as the liquid viscosity is increased. As J L increases (i.e. the liquid velocity increases), this influence on CCFL becomes more apparent. This is because the wall friction acting on the liquid phase depends on the liquid viscosity. The mean water level h mean is defined as the value h at which the cumulative probability ξ of the probabilistic density function (p.d.f.) of h is equal to 0.5 as shown in Fig. 6 . Figure   7 shows the axial distribution of h mean . Without CCFL, the supplied water is accelerated in the inclined section by gravity and decelerated in the horizontal section by wall friction. Therefore h mean at No.4 is the lowest in the hot leg, and gradually increases toward the lower tank. However, under CCFL conditions, h mean at No.4 is the highest in the hot leg, and decreases toward the lower tank. This indicates that CCFL takes place at the junction of the elbow and the horizontal section, i.e. the water flow is mainly limited at this location. A part of the water through this junction is limited in the horizontal section and the direction of wave propagation is the same as that of the gas flow. 
Effects of Liquid Viscosity on Wave Height
The strength of form drag may depend on the wave height. The height ε is defined as the range of h corresponding to 0.023 < ξ < 0.977 as shown in Fig. 6 . Figure 8 shows the relation between h mean and ε at locations Nos.1 -3. The data at No.4 are excluded because No.4 is located near the elbow and the fluctuation of water levels is much larger than the other locations in the horizontal section. Except for a slight difference between water and GW 60 wt% at high h mean , ε does not depend on the liquid viscosity. Therefore the interfacial force, which mainly consists of the form drag under CCFL conditions, may not depend on the liquid viscosity. Water GW 60 wt% by a function of void fraction, which is also independent of the liquid viscosity. There is an inflection point at around α = 0.8. The relation between the interfacial drag coefficient and dimensionless wave height is discussed later. Fig. 9 Relation between void fraction, α, and wave height, ε/D
Numerical Simulations
Numerical simulations using CFD software are one way to evaluate the effects of fluid properties on CCFL characteristics. Previously, three-dimensional two-fluid model simulations were used to reproduce the observed flow patterns and CCFL characteristics for air/water experiments with the 1/15 th scale model. (12) However, the applicability of the method, especially of the interfacial drag coefficients to CCFL, requires further validation for a wide range of fluid properties. Numerical simulations for the above experiments were therefore conducted.
The two-fluid model implemented in the CFD software FLUENT 6.3.26 was used. The standard k-ε turbulent model was used to account for turbulence. Conservation equations for the momentum, volume fraction, turbulent kinetic energy, and turbulent dissipation rate of the gas and liquid phases were solved using the first-order upwind scheme. The phase-coupled SIMPLE method was used for pressure-velocity coupling.
Interfacial Drag Coefficients
Interfacial drag coefficients were implemented using the user-defined function of FLUENT. In the momentum equation, the interfacial drag force where D h [m] is the hydraulic diameter. Equation (5) was originally proposed by Andersen (13) for one-dimensional two-phase flow, and Minato et al. (14) applied it to three-dimensional calculations. Equations (6) and (7) were respectively based on correlations for slug flow (15) and annular flow. (9) Equation (6) 
where σ [N/m] is the surface tension and D h * is the dimensionless diameter given by:
The validity of Eqs. (4)- (9) was confirmed for the 1/15 th scale air-water experiments. (12) In the validation, the hysteresis in the flow pattern was successfully simulated and the predicted CCFL characteristics agreed well with the measured data. The problem which must be dealt with is whether the interfacial drag coefficients, Eqs. (4)- (9), can be applied for a wide range of liquid properties. Figure 10 shows the interfacial drag coefficients C D A i calculated using Eqs. (4)-(9) for the air/water system and for the air/GW 60 wt% system. Equations (6) and (7) are functions of void fraction α and hydraulic diameter D h , and do not depend on liquid properties. On the other hand, Eq. (5) is a function of void fraction and drift velocity, which depends on fluid properties, as expressed by Eq. (8) . As can be seen in Fig. 10 , the interfacial drag coefficients C D A i for air/water and air/GW 60 wt% coincide for 0.56 < α < 1, which means that the interfacial drag force does not depend on liquid properties and agrees with the speculation based on the measured wave heights for the air/water and air/GW 60 wt% (cf. Fig. 9 ). Moreover, the coefficients C D A i monotonically decrease for 0.56 < α < 1 and have an inflection point at around α ~ 0.8. This trend is similar to the relationship between the dimensionless wave height ε/D and void fraction α shown in Fig. 9 .
Since both C D A i and ε/D are functions of void fraction, the relationship between C D A i and ε/D can be derived by eliminating void fraction. Figure 11 shows the relationship between C D A i and ε/D for 0.56 < α < 1. There is a log-linear relationship between C D A i and ε/D regardless of the difference in the liquid phase. This suggests that Eqs. (4)- (9) for the interfacial drag coefficients C D A i can also be applied to two-fluid simulations for the air/GW 60 wt% system. Figure 12 shows the computational grid for the 1/15 th scale experimental apparatus shown in Fig. 1 . Since the velocity distributions of the gas and liquid phases at both ends of the hot leg affect the flow inside the hot leg, the computational domain included the lower and upper tanks. The total number of computational cells was about 120,000. The number of computational cells in the cross section of the hot leg was 460. In the simulations, transient calculations were carried out with constant time steps at 1-2 ms depending on stability of calculations. The liquid at a constant flow rate Q Lin was supplied from the bottom of the upper tank, whereas the gas at a constant flow rate Q G was supplied into the lower tank and flowed into the upper tank through the hot leg. Some water gravitationally flowed into the lower tank through the hot leg, and the rest of the water overflowed the barrage in the upper tank and flowed out with the gas through the mixture outlet. The boundary condition of constant velocity was used at the inlets of gas and liquid, and the boundary condition of constant pressure was used at the outlet of the gas-liquid mixture. The flow rate Q L of liquid entering into the lower tank through the hot leg was calculated from the rise speed of water level in the lower tank. Since a transient calculation was dependent on time, Q L was determined as a time average after the quasi-steady state was established. In the same way as in the experiments, CCFL characteristics were calculated by decreasing Q G until the CCFL state was terminated. As a consequence, J G ranged from 2 to 7 m/s. Figure 13 compares the predicted flow patterns of the air/water system (12) and air/GW 60 wt% system when decreasing J G . The predicted flow patterns for the air/GW 60wt% are qualitatively the same as those for the air-water. For each J G , the CCFL takes place at the elbow. Liquid flow is mainly limited at this location due to occurrence of a rolling wave. These flow patterns under the CCFL conditions are quite similar to the observed ones for the air/water experiments reported by Minami et al. (11) (a) Air/water (12) (b) Air/GW 60 wt% Figure 14 compares measured and predicted CCFL characteristics on the Wallis parameter diagram for the air/water and air/GW 60 wt%. Similar to the experiments, the predicted CCFL characteristics of GW 60 wt% were stronger than those of water, and generally agreed with the measured data. This means that the numerical simulations successfully evaluate the wall friction force acting on the liquid phase, which depends on the liquid viscosity. In Fig. 14 , the predicted CCFL data points are fitted with quadratic curves. The CCFL curves for water and GW 60 wt% cross at J L ~ 0 m/s, around which the wall friction force is negligible and interfacial force mainly consists of the form drag. This means that the numerical simulations successfully evaluate the interfacial drag force, which does not depend on the liquid viscosity as shown by the experiments and expected by the interfacial drag coefficients C D A i . Thus, the two-fluid simulation with the proposed combination of the three correlations for interfacial drag coefficients (4)- (9) properly evaluates the effects of liquid viscosity on the CCFL in the hot leg. 
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Discussion
Under high pressure and high temperature conditions in a real PWR hot leg, the viscosity of the saturated water is much lower than at atmospheric conditions. To examine the effects of liquid properties of high temperature water on CCFL, numerical simulations using the two-fluid model were conducted for the 1/15 th scale hot leg model with a hypothetical combination of air at 0.1 MPa and saturated water at 5 MPa (264 o C). Table 2 summarizes the liquid properties used in the simulations. The viscosities of the saturated water at 5 MPa and GW 60 wt% at 0.1 MPa are about one tenth and ten times as large as that of water at room temperature, respectively. Air at pressure 0.1 MPa was used for the gas phase in the simulations. Figure 15 compares predicted CCFL characteristics on the Wallis parameter diagram, in which the fitting curve of the measured CCFL correlation for air/water experiments in the same 1/15 th hot leg (10) is also shown. There is no significant difference in the predicted CCFL characteristics between the saturated water at 264 o C and the water at room temperature, while there is a clear difference between the GW 60 wt% and the water at room temperature. In the high J L * region, CCFL becomes stronger as the liquid viscosity increases (cf. Fig. 4 ), whereas CCFL hardly changes as the liquid viscosity decreases. This Measured / Water Predicted / Water Measured / GW 60 wt% Predicted / GW 60 wt% may be because the water flow at room temperature is turbulent in this J L * region. Consequently the decrease in liquid viscosity scarcely affects the wall friction force and merely causes a small change in the falling water flow rate. In the high J G * region, the effects of liquid viscosity are negligible, which means that the liquid viscosity scarcely affects the interfacial force. 
Conclusions
To examine the effects of liquid viscosity on CCFL characteristics in a PWR hot leg, experiments were conducted using air and glycerol-water solutions for the gas and liquid phases in a scaled-down hot leg model. Numerical simulations for the experiments were also carried out using a two-fluid model implemented in the CFD software FLUENT 6.3.26. The following conclusions were obtained.
(1) The liquid viscosity scarcely affected the interfacial force. This was because the interfacial force consisted of the form drag resulting from the presence of large-amplitude waves.
(2) The increase in liquid viscosity from that of water at room temperature influenced the wall friction force acting on the liquid phase. CCFL became stronger as the liquid viscosity increased.
(3) The three-dimensional two-fluid model, implemented with the proposed combination of three correlations for interfacial drag coefficients, properly evaluated the effects of liquid viscosity on the CCFL characteristics.
(4) According to the simulation results, the decrease in liquid viscosity from that of water at room temperature hardly affected the wall friction force acting on the liquid phase. Predicted / Water Predicted / GW 60 wt% Predicted / Water at 5 MPa Correlation (10) 
